INTRODUCTION
Ceramic thermal barrier coatings on metal substrates provide a reduced temperature in the metal due to the low thermal conductivity of the ceramics that enhances the capability of the ceramic/metal structure. Many fabrication methods are currently being used to produce ceramic coatings on metal substrates. Schwartz (1990) describes the various methods currently used to either join or apply ceramics to other materials. The fabrication of a ceramic coating onto a metal substrate has always been a challenge because of the extreme mismatch in the material properties such as the thermal expansion and elastic modulus. A common coating process is the thermal plasma spray technique that is currently widely used for coating many types of metal components in the aircraft engine industry.
In the thermal spray process, the metal substrate is first prepared by applying a thin coat of material called the bondcoat acting as a graded transition between the metal and ceramic coating. Then ceramic layers are applied to the bondcoat by the solidification of droplets of molten ceramic particles in the form of stacked platelets. A molten spherical droplet of ceramic impinges fast onto the bondcoat and metal substrate. Then successive layers are deposited over previously deposited ceramic with each pass of the torch. Each ceramic particle releases its heat energy into the bulk material and thereby rapidly solidifies. The exchange of heat energy increases the temperature of the previously deposited ceramic and metal substrate considerably above the ambient during the spraying process. This thermal plasma spray process producing succesive layers with each pass of the torch fabricates essentially a multilayered composite. Verbeek (1992) describes in detail the production, characterization and testing of thermal barrier coatings manufactured by the spray process. His research was focused on the formation mechanism and the microstructure of the coating.
This fabrication process of coating produced at elevated temperature by incremental spray layering generates residual stresses in the assembly when it is cooled to room temperature. Generally the uniformity and thickness of the thermal barrier coating on the metal substrate can be controlled to design requirements. However, it is difficult to control the amount of overspray at the edges of the component that can lead to subsequent manufacturing problems. Edge overspray requires an additional grinding operation to square the ends and provides the necessary uniformity of the coated structure when mounted adjacent to other components in gas turbine engines. Expansion gaps must be established between components to prevent large mechanical loads being applied against the ceramic coating leading to cracking and spallation.
A variety of ceramic coated assemblies have been incorporated into aircraft engine hot gas path components for thermal protection such as shrouds, turbine blades and elements in combustors. When an assembly of ceramic coated components are used in arrays, design engineering must provide an adequate expansion gap between assemblies to prevent the edge loading of the ceramic coated assembly. Figure 1 shows If too large an expansion gap is used, the structure is thermally inefficient and unwanted excessive interior heating of the metal substrate can cause damage. If not enough clearance between components is provided, the thermal expansion of the ceramic/metal structure can produce very high edge loads on the ceramic coated assembly leading to subsequent spallation, delamination and failure of the ceramic coating as shown in Fig.  2 This paper investigates ceramic/metal assemblies subjected to both thermal stress and mechanical edge loads when there is an inadequate thermal expansion gap between the adjacent components. The severe edge loading produced, even though it is compressive, usually leads to edge cracking, delamination or a spallation failure This problem was investigated using a finite element computer program to determine the severity of various edge loads on ceramic systems when subjected to simulated engine heating.
Since cracks and spallation have been observed during both manufacturing and application, analyses were conducted with and without cracks in the vicinity of the interface between the coating, bondcoat and metal substrate. Edge loading on the ceramic coatings creates both a combined opening and shear fracture mode that produces a spallation of the material in the region where the expansion interference occurs.
In addition, as a part of this study a closed form solution to determine the stress intensity factor for an edge loaded single material was also derived that could provide design engineering with a simple approximate solution to prevent excessive edge loading on ceramic coated assemblies before constructing a refined FE model
BACKGROUND
Many published studies have focused on the state of stress at the free edge of the thermal mismatched assembly. These investigations have revealed the existence of a stress singulartiy at the free edge which is generated by both the geometry and the difference in the material properties at the interface. This localized stress field was found to have a pronounced effect on the stress intensity factors of edge interfacial cracks.
Ftaju and Crews (1981) developed a quasi-three dimensional analysis to analyze the edge stress problem for a 4 layer composite using a finite element formulation. Their results clearly show a free edge stress concentration which is due both to a geometric singularity and the material mismatch in properties. Kokini (1984) determined the thermal stresses at the free edge of finite cylinders made of dissimilar materials using the finite element method. His results indicated a singularity on the free edge at the dissimilar material interface. Parks (1988) reported the results of his experiments conducted to determine the interfacial stress behavior of bonded bimaterial specimens. His results confirm the existence of edge stress concentrations. Kuo (1989) using a structural mechanics formulation investigated a semiinfinite, bimetallic thermostat model subjected to uniform heating or cooling. He discusses in detail the free edge boundary layer effect, namely, the existence of a free edge stress singularity that gives rise to high local stress concentration at the interface. Nied (1991a) developed a simple one-dimensional ceramic coated metal substrate model to determine the shear stress distribution at the interface of dissimilar materials due to the thermal mismatch of expansion properties of the components during elevated temperature processing which was applied to a representative thermal barrier coating on a metal substrate.
All of the above investigations were directed to determining the state of stress at the dissimilar material interface and the free edge of composite. Their results revealed that the localized free stress concentration played an important role in the structural integrity of the composite and its propensity for delamination. These investigations were complemented by the modeling and analyses of dissimilar material composites from the fracture mechanic's viewpoint. Experimental research and analytic studies were conducted to determine the stress intensity factors generated when there is an edge crack at the interface, near the interface and at the free edge of a composite by using linear elastic fracture mechanics theory.
In general, the focus in the literature has been to investigate the structural behavior of bonded dissimilar materials using a fracture mechanic's formulation. Several of these references are cited for completeness. Rice and Sib (1965) determined the stress intensity factors for cracks at the common interface of dissimilar materials using the complex potential approach of Muskhelishvili. Lu and Erdogan (1983a & b) determined the stress intensity factors of cracks on or approaching the interface of dissimilar materials by using integral equation formulations. One of the cases studied by Lu and Erdogan (1983b) , provided the solution for the stress intensity factors at the intersection of the free end for thermal mismatch by equivalent edge load conditions. Cannon et al (1986) studied the decohesion of ceramic-metal interfaces by using a fracture energy concept. (2) c3 = 0.558 =-1.503 Thouless et at (1987) investigated the cracking and spilling due to edge loading by analysis and test. Kokini (1987) investigated the effect of changing thermal expansion coefficients on the deformation and the edge interfacial crack between a ceramic-to-metal bond subjected to a transient thermal load when the state of stress at the free edge plays an important role on bond integrity. Rice (1988) reexamines the fracture mechanics concepts applied to a crack at the common interface in a dissimilar material. Kokini (1988) continues his investigation of interfacial cracking of dissimilar materials when subjected to transient thermal loading. Here again, it is shown that the state of stress at the free edge plays an important role on bond integrity. Thouless et al (1989) studied the delamination of ceramic coatings using a strain energy release rate method applied to a simple model. Nied (1991b) investigated the stress intensity factors for an edge crack originating at the interface of a ceramic-metal composite for the thermal mismatch residual stresses produced by a plasma spray process using both a closed form mathematical solution for the edge stress concentration and a finite element model. It is obvious that an understanding of the fracture behavior at dissimilar material interfaces are of great interest for the application of thermal barrier coated assemblies.
MODELING DESCRIPTION

Finite element model description
An updated version of a 2D FE computer code developed by Gifford (1979) which had the capability for both thermal stress and fracture mechanics analyses was used for investigating edge load behavior of thermal barrier coated (TBC) assemblies. A 455 node half model was constructed with a refined mesh at the free edge and along the bondcoat between the metal substrate and the ceramic coating. This FE model was used to investigate the structural behavior due to cool down from manufacturing as well as determining the thermal stresses and mechanical loads generated during simulated engine application. Figure 3 shows the general mesh features of this model.
The cool down analysis from the processing temperature revealed that very high residual stresses were generated in the ceramic at the free edge along the bondcoat interface. The magnitude of these stresses were found to be sufficient for crack nucleation for some designs and processing variables.Therefore, computer runs were made with and without a crack at the free end to examine this condition.
The FE program uses a 12 node isoparametric cubic element which provided the potential for evaluating the free edge distortion and stress concentration to a much higher degree than the usual 4 noded quad elements commonly used in FE codes. In addition, the FE code has the feature for inserting enriched crack tip elements that contain the necessary fracture mechanics singularity that can be conveniently applied to the edge and interior crack geometries. Therefore, a FE analysis would directly provide both the K1 and the Kii stress intensity factors for the opening mode I and shear mode II respectively. In addition, the FE program provided the mixed mode equivalent stress intensity factor and the direction of crack propogation based on the maximum normal stress across the crack.
The finite element models constructed were used for investigating various cases such as complicated composite geometries subjected to non-linear temperature fields, and mechanical loads induced by edge interference. In addition, some of theses results were compared to the simple approximate analytic model derived for design purposes. For comparison to the closed form solution, the 455 node multi-material FE model was simplified to an isothermal condition and equivalent material properties with the same basic edge geometry used in the simple closed form solution. Figure 4 shows the model used by Thouless et al (1987) for determining a closed form solution of an edge loaded corner of a single brittle material subjected to both a force and a moment by combining asymptotic solutions for short and long cracks. Their solutions for both the opening and shear mode stress intensity factors were found to be:
Mathematical model description
( 1 ) Following the method used by Thouless et al (1987) , a similar model, Fig. 5 , was constructed having a layer thickness h subjected to an ceramic edge displacement 8 with a crack length a. This single brittle material model is used as a first order approximation of coating on a substrate. Following the method used by Thouless et al (1987) , an approximate solution for the stress intensity factors of a ceramic coated substrate subjected to edge displacement can be derived by combining the asymptotic solutions for short and long cracks. 
When the linear relationship for edge force and displacement is substituted into the derivation, the following simple expressions were determined.
These simple approximate solutions based on a single material model can be effectively used by designers for sizing adequate expansion gaps before constructing a complex finite element model.
RESULTS
Various FE models were used to simulate the mechanical interference and heat loading conditions of a first stage engine shroud. The expansion interference investigated was in the range of interference from 0.00 an up to 0.0254 an (0.010 inch) at an edge. Due to the symmetry of the structure, only the half length geometry 2.54 an (1 inch) of the TBC shroud assembly was necessary to be modelled. This assembly consisted of NiCrAlY bondcoat 0.0381 an (0.015 inch) thickness between the metal substrate of Ils1718 0.1575 an (0.062 inch) in thickness and a Zr02 ceramic coating 0.132 an (0.052 inch) in thickness. The design of the shroud is such that it is restrained in bending, but allowed to expand in the horizontal direction.
During manufacture, the ends of the TBC shrouds had typically an overspray extension beyond the end of the metal substrate of 0.0254 to 0.0381 cm.(0.010 to 0.015 inch ). After the edge grinding operation, the ceramic edge was held to (0.0254 an (0.010 inch) overhang. An FE model of this geometry was constructed with a 0.0254 cm (0.010 inch) TBC overhang. Several cases of edge interference were investigated from zero to a =En= edge interference of 0.0254 an (0.010 inch) edge interference corresponding to the ceramic overhang in the expansion gap. The edge interfemce was applied to the model while subjected to a through-the-thickness temperature gradient for this study spallation and delamination propensity.
When a flux boundary condition, representative of a simulated engine application, was applied to the outer surface of the TBC in the FE model, a non-linear temperature distribution was produced. The flux value was varied until the bottom surface of the metal substrate corresponded to temperature test measurements made during tests.The analyses determined that the temperature on the outer surface of the TBC was 1208 °C (2207 °F), 1065 °C (1950°F ) at the bondline and 1052 °C (1925 °F) at the lower surface of the substrate. This temperature distribution was then used to conduct the mechanical interference analyses.
The localized edge distortion was primarily confined to the ceramic TBC and the localized shear stress concentration at the interface between the ceramic and metal substrate attained 1310 MPa (190 1Csi). To study the spallation behavior, a 0.132 an (0.052 inch) crack was embedded in the model in the bondcoat interlayer between the ceramic and the metalsubstrate.
For pure thermal expansion interference, various interference cases were investigated and compared using both the mathematical model and the FE models. Figure 8 shows a plot of the mixed .mode equivalent stress intensity factor as a function of the edge interference which is essentially linear. The value of the equivalent stress intensity factor was provided directly as output from the FE program. Brock (1991) defines and describes the equivalent stress intensity factor relationship based on the mixed mode Kt and Ku stress intensity factors and the crack angle. When the equivalent stress intensity magnitude is equal to the fracture thoughness, spallation and delamination would be predicted to occur. Oafs tntertesnee (Nob) Figure 6 compares both the ICI and Ku stress intensity factors for various edge interference applied to the edge of the TBC. Values of stress intensity factors for edge interferences from 0.0127 cm (0.005 inch) or higher could lead to spoliation in the TBC. Reasonable agreement exists between the FE and analytic models for the Kt opening mode stress intensity factors. The disagreement for the Ku shear mode stress intensity factors between the FE and the analytic models is principally due to the analytic model being only valid for a homogeneous, single material without accounting for the shear deformation mechanism provided by the bondcoat. Figure 7 shows the tendency for crack propagation in a 52 0 direction measured from the crack plane that is independent of the edge deformation over a broad range of edge interferences. This nearly constant angular direction is primarily due to the edge geometry and manner in which the edge load is applied. In this case, only a horizonal load without an edge moment was applied to the model. As an aid to the designer, the approximate solution given by the Eq (4) was non-climensionalized. That result is shown in Fig. 9 for determining either the K1 and Ku stress intensity factors generated by edge interference of the model shown in Fig. 5 . It should be noted that this model tends to over predict the Kit shear mode stress intensity factors since the simplified model is composed of a single material and does not include the bondcoat transition interlayer. The grading effect provided by the bondcoat between the TBC and the metal substrate acts to reduce the interfacial shear stress and the shear deformation in the ceramic. Nevertheless, this solution was found to be convenient for obtaining approximate stress intensity values during component design or as an aid to construct a FE model. 
CONCLUSIONS
Edge loads whether produced by mechanical or thermal interference are particularly damaging to a ceramic/metal composite. If the edge load is applied to the ceramic, spallation of the ceramic locally at the edge is a typical failure mode well recognized in thermostructural designs. It was shown by both FE and mathematical modeling that the state of stress and the fracture mechanics stress intensity factors can be reasonably predicted. In the case of TBC coated thermal shrouds used in aircraft engines, careful consideration of the design must be made by thoroughly investigating the elevated temperature behavior.
